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Abstract

Colorectal cancer (CRC) is a common and life-threatening neoplastic disease that continues to pose a formidable challenge to
global health. The present work was performed to evaluate the anticancer properties of betanin and betanin (BT) loaded starch
nanoparticles (S-BT). The BT and S-BT were characterized by DLS, SEM, UV spectroscopy, XPS and FTIR. The cytotoxic
effect was assessed by MTT and LDH assay. The apoptotic potential of BT and S-BT was assessed by DCFDA, Rh123, AO/
EB and DAPI staining methods. Cell cycle arrest was depicted using flow cytometry. The antimetastatic potential of BT and
S-BT was evaluated by wound healing assay. The S-BT showed a spherical morphology with a size of 175 nm. The betanin
contained SNPs were found to have strong encapsulation efficiency and favorable release profiles. Both BT and S-BT exhibited
cytotoxicity in SW480 cells but S-BT displayed increased cytotoxicity when compared to BT alone. Loss of mitochondrial
membrane potential, nuclear fragmentation, chromatin condensation and generation of ROS, all indicative of apoptotic mode
of cell death, were revealed by fluorescence imaging. The cells were arrested in the G,M phase. Moreover, both BT and S-BT
were able to inhibit the migratory potential of SW480 cells. Overall, our results indicated that both BT and S-BT were able to
induce anticancer effects; and, S-BT was found to have increased therapeutic efficacy when compared to BT alone.
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Cancer is a complex and multifaceted disease that involves
a wide range of bodily processes in its progression (Richon
et al. 1998). The worldwide incidence of cancer is still ris-
ing despite tremendous progress in understanding its causes.
The prevalence and impact of this disease were highlighted
in the statistics released by the World Health Organisation
in 2018 (Chen et al. 2021; Paini et al. 2015).

With colorectal cancer (CRC) accounting for 9.4% of
cancer-related deaths in 2020, it is the second deadliest and
third most common cancer globally. It is predicted that by
2035, the incidence of this serious global health concern
will be quadrupled worldwide, with significant increase in
less developed nations. CRC risk factors include diet, life-
style, and genetics. Many countries have population-based
screening programmes in place as they are the most effective
preventive measure. Early identification is crucial because of
the slow growth of CRC. Despite the challenges associated
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with chemotherapy, early intervention and addressing risk
factors are essential in the fight against colorectal cancer
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(Aztatzi-Rugerio et al. 2019). Colorectal cancer (CRC) is
caused by a variety of pathways, each with its own precur-
sors and risks. These pathways include microsatellite insta-
bility, chromosomal instability, and serrated neoplasia. The
most common type of colorectal cancer, adenocarcinoma,
has different treatments depending on the disease’s stage
as it progresses from benign polyps to invasive malignancy
(Wlodkowic et al. 2011). Surgery is often used in the early
stages, but additional therapies are required in the later
stages, and the full extent of recovery is still unknown (Pick-
hardt et al. 2013). The use of chemotherapy and targeted
medications such as angiogenesis inhibitors and anti-EGFR
drugs has completely changed the way colorectal cancer is
treated (Sreekanth et al. 2007). Promising research are being
conducted on gene therapy and immunotherapy, including
adaptive T-cell treatment, cancer vaccines, immune check-
point inhibitors, monoclonal antibody therapy, complement
inhibition, cytokine therapy, and natural products. These
methods seek to increase the effectiveness, lessen adverse
effects, and improve CRC treatment (Aztatzi-Rugerio et al.
2019).

The development of highly effective drug delivery tech-
nology called nanoencapsulation has transformed cancer
treatment and made a variety of nanoformulations of chemo-
therapy available(Hossain et al. 2022; Mourdikoudis et al.
2018; Otto and Sicinski 2017; Siegel et al. 2020; Xie et al.
2020). Polysaccharides, mainly starch, have the potential
to prevent nonspecific protein adsorption and allow for a
variety of modifications, making them promising agent for
drug delivery (Chen et al. 2022; Contreras-Caceres et al.
2019; Jimenez et al. 2000; Lu et al. 2018; Wu et al. 2016).
Although histone deacetylase inhibitors, such as CG-1521,
have the potential to treat colon cancer, their solubility and
metabolism present challenges that call for creative solu-
tions (Salimi et al. 2021; Zaremba-Czogalla et al. 2020). The
betanin from beetroot demonstrates strong antioxidant and
anticancer property, indicating its potential for use in cancer
treatment (Bray et al. 2018; Pang et al. 2015). Betanin has
been shown to have antioxidant activity in biological lipid
domains in human macromolecules such as low-density lipo-
proteins, entire cells, and membranes (da Silva et al. 2019).
Furthermore, because of its anti-inflammatory and hepatic
safety properties in whole human cells, betanin has aroused
the curiosity of researchers (Khan 2015).This protein affects
the redox-mediated signal transduction pathways involved
in inflammatory responses in cultured endothelial cells, and
betanin also showed antiproliferative effects on human can-
cer cell lines(Kapadia et al. 2011). The primary goal of this
research was to demonstrate betanin’s potential as an anti-
cancer medication for the treatment of cancer by examining
its cytotoxic and anti-metastatic effects in SW480 cells.
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Experimental procedures
Materials and methods
Chemicals

All the reagents were procured from Sigma Aldrich, India:
Betanin, DAPI stain, sodium hydroxide pellets, and Rho-
damine 123. Dulbecco’s modified eagle medium (DMEM),
MTT, acridine orange, ethidium bromide, propidium iodide,
Bradford reagent, acetic acid, methanol, Proteinase-K,
RNase, ethanol, Polysorbate 80, Triton X-100, and foetal
bovine serum (FBS) were obtained from HiMedia, India.
Merck, India supplied the acetone. All cell culture equip-
ments, including flasks and well plates, complied with cell
culture guidelines and additional laboratory necessities used
were of the molecular grade.

Synthesis of starch nanoparticles (SNPs)

The nanoparticle was synthesized using the ultra-sonication
method. In brief, 5 g of starch was dissolved in 0.1 N NaOH
and sonicated in an ultra sonicator for 10 min with AMP
80% and pulse 02/02. After sonication, 600 pl of tween 80
was added and again sonicated with same AMP and time.
Under the process of sonication, 10 ml of absolute ethanol
was added dropwise for 10 min. The final sample obtained
was kept closed for overnight and allowed to get precipi-
tated. After 12 h of incubation, the precipitate obtained were
SNPs. The synthesized SNPs were stored at 4 °C for further
use.

Encapsulation of betanin in SNP

Encapsulation procedure was carried out by gelatinizing
the SNPs with the help of NaOH. 5 g of SNPs were added
to 30 ml of 0.4 M sodium hydroxide. Gelatinization pro-
cess was carried out by heating the solution in 80 °C for
20 min. The solution was kept in room temperature until
a dense solution is observed and kept for cooling. Betanin
was prepared in 5 ml of MilliQ water (300 mg of betanin in
10 ml). Before adding drug into the gelatinized starch, the
dense solution was kept under continuous stirring at 60 °C.
The betanin solution was added dropwise and allowed to
precipitate by adding 20 ml of acetone. The stirring was
stopped after 12 h and the centrifugation was carried out at
1000 rpm in room temperature for 20 min. The supernatant
obtained was stored and used for drug loading estimation.
The precipitate obtained was washed with 5 ml of acetone
and lyophilized.
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Physiological characterization
of the betanin-loaded SNPs

Particle size analysis

Particle size analysis was performed for the encapsulated
betanin (S-BT) suspended in Mili-Q using a Zetasizer™
(Malvern Instruments, UK) system, configured at 25 °C,
347.8 kcps count rate, and 1.50 material refractive index.

Ultraviolet absorbance spectrum

UV study was conducted for betanin (BT), S-BT, with Mili-
Q as the solvent using a UV-1700 Shimadzu UV visible
spectrophotometer. We examined the absorbance maxima
between 400 and 800 nm wavelength range.

SEM imaging

SEM imaging of the betanin encapsulated NPs was done by
subjecting the sample to the Scanning electron microscope.
Images were taken by focusing in particular area in 10x
autofocus.

X-ray diffraction (XRD)

The accurate characterization of a material’s crystallo-
graphic arrangement, chemical composition and physical
attributes can be achieved using the non-invasive method-
ology of X-ray diffraction analysis (XRD). In order to eluci-
date the structural configuration of S-BT, X-ray diffraction
analysis was employed on the S-BT specimen.

X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR)

Encapsulated Starch Nanoparticles were subjected to an
elemental analyzer. The percentage of carbon and oxygen
in the samples was obtained and analyzed to draw inferences
about the possibility of successful drug encapsulation. The
Fourier transform infrared spectra of empty starch nanopar-
ticles and S-BT was performed to determine their functional
groups. The FTIR spectrum was recorded over a range of
500—4500 cm™! with Kbr as a reference (Thermo Scientific
Nicolet 6700 spectrometer).

In vitro release study

A drug release study was conducted by using the dissolution
technique. In summary, 10 kDa molecular weight cut-off
dialysis membranes contained a known quantity of drug-
loaded nanoparticles (NPs). After that, the dialysis bag was
continuously stirred or agitated in the PBS solution (PH 7.4)

for 120 h at 37 °C. A known amount of the solution was
taken and replaced with new solvent at the designated inter-
vals. The standard curve was used to calculate the drug’s
concentration after it was released.

Encapsulation efficiency (%EE) and drug loading

UV-Vis spectrometry was used to calculate the percentage
of encapsulation efficiency (% EE). The content of the drug
was calculated as follows; about 2 mg of S-BT was dispersed
in 10 ml of milliQ water and centrifuged for 10,000 rpm
for 10 min. During the washing-centrifugation step, the
supernatant of the NPs suspension was collected and the
concentration of betanin (BT) was measured to estimate the
free drug. The following formulas were used to calculate the
percentage EE. The weight of the NPs was calculated from
the NP yield in order to estimate the percentage loading con-
tent (%LC). The following formulas were used to calculate
the percentages of LC and EE.

%EE = [(Drug added — Free “unentrapped drug”)/
Drug added] = 100

%LC = [Entrapped drug/nanoparticles weight] = 10

Anticancer study
Cell lines and culture conditions

From NCCS (Pune), India, SW480 cell lines were acquired.
In an environment of 5% CO, and 95% humidified air, the
cancer cell lines were grown at 37 °C in a CO, incubator
using Dulbecco’s Modification of Eagle’s Medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), 50 pg/
ml penicillin, and 50 pg/ml streptomycin. SW480 cells were
routinely sub-cultured in tissue culture flasks in order to
maintain their viability. Cells were splitted upon reaching
confluency and the culture medium was replaced every 48 h.

Cell viability/cytotoxicity assay

The viability of cells following treatment with both free
and nano-encapsulated drugs was assessed using the MTT
colorimetric assay. In brief, actively proliferating SW480
cells were plated onto the flat-bottom 96-well plates at
a density of approximately 6 x 10° cells per well in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented
with 10% foetal bovine serum (FBS). Subsequently, the
plates were incubated at 37 °C with 5% CO,. In DMEM,
various concentrations of encapsulated betanin (S-BT) and
betanin (BT) were prepared. The compounds were added
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in triplicates to the designated wells and incubated for
48 h. Following the incubation time, 20 pl of 5 mg/ml
MTT was added to each well and the mixture was incu-
bated at 37 °C with 5% CO,. Following a 24 h incubation
period, 100 pl of DMSO was added to each well in order
to dissolve the purple formazan crystals. A thermostati-
cally controlled plate holder, equipped with a UV—visible
absorbance microplate reader (Barsamax elisa microplate
reader, Molecular device, Inc., Sunnyval, CA, USA) was
used to read the plate at 570 nm after a brief incubation
period. The percentage of cell survival was calculated
based on the following formula

Percentage Survival = (OD of Control well — OD of blank)
/OD of test well) = 100

Morphological analysis

About 6 x 10° cells were seeded per well in flat bottom
96-well plates for a duration of 24 h. After adding ICs, doses
of BT and S-BT, the cells were incubated for 24 h. A fluo-
rescence microscope (Olympus) fitted with a digital imag-
ing system was used to observe and record morphological
changes in control and treated BT and S-BT.

Detection of apoptosis by AO/EB staining

To discern the morphological indicators of apoptosis, Acridine
Orange/Ethidium Bromide (AO/EB) staining was employed.
SW480 cells were distributed into 24-well plates and subjected
to a 24 h treatment with BT and S-BT at an IC, concentra-
tion, followed by a phosphate-buffered saline (PBS) wash and
trypsinization. Immediately preceding microscopy, a mixture of
100 pl of Acridine Orange/Ethidium Bromide solution (com-
prising one part of 20 pl/ml Acridine Orange and 10 pg/ml Eth-
idium Bromide in PBS) was added. Subsequently, the cells were
examined using an Olympus fluorescence microscope equipped
with a digital imaging system.

Evaluation of nuclear morphology

Using fluorescence microscopy, the DAPI-stained cell
nucleus’ morphology was assessed. Following the proce-
dure, the cells were resuspended in 100 pl DAPI, fixed with
ice-cold 70% ethanol, and incubated for 5 min at 37 °C while
covered in aluminium foil. The cells were washed with PBS
(pH 7.4). After washing the cells in PBS, they were viewed

ielue cllal ayao .
csm ity ooy £) Springer

using an Olympus fluorescence microscope that had a digital
imaging system.

Intercellular reactive oxygen species (ROS) imaging

To measure intercellular ROS production, (DCFDA), an
oxidative sensitive fluorescent probe, was utilised. To find
out how ROS contribute to cytotoxicity, a qualitative fluores-
cence microscopic study was conducted using 2'-7' Dichlo-
rodihydrofluorescein diacetate (DCFDA), an oxidative-sen-
sitive fluorescent probe. In short, a 24-well plate containing
0.2 10° cells was pre-cultured for 24 h in DMEM. The
cells were then exposed to a pre-set dose of BT and S-BT
for another 24 h. After the cells were incubated, they were
washed with PBS before being stained for 30 min at 37 °C in
the dark using 10 mM DCFDA. The cells were washed using
cold PBS. Using a fluorescence microscope, stain-positive
areas were examined and captured on camera.

Observation of mitochondrial membrane potential
by Rhodamine 123

The polarised mitochondrial membrane of normal cells
becomes clumped with the fluorescent dye Rhodamine 123
(Rh123). Metabolically active mitochondria are bound by
this cationic dye. For 30 min, BT and S-BT treated cells
were incubated with 10 pg/ml Rh 123 at 37 °C. The cells
were given one PBS wash following incubation. Using an
emission filter of 534 nm and an excitation wavelength of
505 nm, fluorescence microscopy was used to measure the
intensity of Rho 123 staining.

Cell cycle analysis

Following a 24 h incubation period, cells were seeded into
6-well plates at a density of approximately 2.5x 10° cells per
well and treated with BT and S-BT for 48 h. Subsequently, the
cells were harvested, washed, and fixed in ice-cold 70% ethanol,
followed by overnight storage at 4 °C. The fixed cells were then
exposed to an ice-cold solution containing 15 pg/ml propidium
iodide, 20 pg/ml RNase A, and 0.01% Triton-X 100 before
undergoing a single wash with phosphate-buffered saline (PBS)
for subsequent cell cycle analysis. Data analysis was done with
CytoExpert Software (USA) and data acquisition was done with
a Beckman Coulter CytoFLEX (USA).

Wound healing assay

In each well of a 6-well plate, roughly 1x 10° cells were
seeded, and they were left to grow until they reached full
confluence. After removing the media, the 200 pl tip was
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used to create a straight line of scratches or wounds in the
centre of the well, and the detached cells were removed by
washing with 1x PBS. Images of the wound centres were
taken at O h, after which cells were treated with free BT and
its encapsulated counterpart, nanoparticles. After the treat-
ment, pictures were taken on a regular basis with an inverted
phase-contrast microscope.

Gelatin zymography

The activity of matrix metalloproteinase (MMP) was inves-
tigated using gelatin zymography. Fully confluent cells were
treated with the ICs, concentrations of BT and S-BT, fol-
lowed by incubation for 24 h. After incubation, each well’s
culture media was collected. Native polyacrylamide gel elec-
trophoresis (PAGE) with a gelatin concentration of 10 mg/
ml was performed. It was incubated in an incubation buffer
for 24 h after electrophoresis and before staining. The gel
was then stained with Coomassie blue staining solution and
destained with destaining solution.

Results
Characterisation of betanin loaded SNPs
Particle size analysis

Particle size analysis using dynamic light scattering indi-
cated that the average hydrodynamic diameter of the

Fig. 1 Particle size analysis
of betanin loaded SNPs by
dynamic light scattering. The
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synthesized betanin-loaded starch NPs was approximately
175 nm (Fig. 1).

UV spectrum analysis

UV spectrum analysis differentiated the absorbance peaks
of betanin (BT) and betanin-loaded SNPs (S-BT), with
BT showing maximum absorbance at 538 nm and S-BT
at 625 nm (Fig. 2). This shift in absorbance peak can be
indicative of the interaction between betanin and the starch
nanoparticles, potentially affecting the electronic structure
of the betanin molecule.

Scanning electron microscopy imaging

SEM study revealed unambiguous morphology of spheri-
cally shaped NPs at 20,000x magnification with betanin-
loaded starch NPs (Fig. 3).

X-ray diffraction analysis (XRD)

X-ray diffraction analysis revealed that betanin loaded SNPs
exhibited a peak range between 10 and 25 wavelength,
which is characteristic of an amorphous material (Fig. 4).
The amorphous nature can influence the dissolution rate and
bioavailability of the encapsulated drug.

X-ray photoelectric spectroscopy (XPS)

Utilizing X-ray photoelectron spectroscopy (XPS), a surface-
sensitive quantitative spectroscopic technique grounded in the
photoelectric effect, we successfully identified the elemental
composition—carbon and oxygen. This method not only dis-
cerns the elements present within the material but also provides

Size Distribution by Intensity
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Fig.2 UV absorbance spectra of (1) betanin, (2) betanin loaded SNPs

Fig.3 SEM image of the
betanin loaded SNPs show-
ing the spherical shape of the
compound

crucial insights into their chemical states, overall electronic
structure and the density of electronic states within the mate-
rial. The XPS analysis of S-BT yielded two distinctive spectra,
portraying the elemental composition of carbon and oxygen,
thereby contributing valuable information to the comprehensive
characterization of the material’s surface properties (Fig. 5).
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FTIR study

The FTIR spectrum of starch nanoparticles showed distinc-
tive peaks at 3400 em™!, 2930 cm~! and 1640 cm™ that are
attributed to intra and inter-molecular hydrogen bonded OH
groups, C-H stretching and tightly bound water molecules,
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Fig.4 XRD graph intensity plots against Bragg’s angle ranging from
10° to 80° of betanin loaded SNPs

respectively (Fig. 6). In case of S-BT, there was a shift in the
band to 3519 cm™! due to the formation of hydrogen bonds.

In vitro drug release study

In vitro release of the drug from Starch NPs was evaluated
by the dialysis technique. It has been observed that in 24 h,
there was 13.25% of drug release. When the dialysis was
carried out for 120 h (5 days), around half (42.57%) of the
drug was released (Fig. 7).

Fig.5 Elemental composition
of the betanin loaded starch

Encapsulation efficiency (%EE) and loading capacity

The amount of the free drug in the supernatant was found
to be 0.866 mg. The difference of the amount of the drug
used and the free untreated drug gave the amount of drug
being encapsulated. The encapsulation efficiency (% EE)
was found to be 99.71%. Loading capacity (% LC) was found
to be 83.7%.

Anticancer study
Cell viability/cytotoxicity assay

To investigate the cytotoxic activity of BT and S-BT on
colon cancer cell lines (SW480), breast cancer cell lines
(MBA MD 231) and lung cancer cell lines (A549), cells
were seeded into wells of 96-well culture plates. The abil-
ity of BT and S-BT to inhibit SW480, MDA MB231, and
AS549 cancer cells lines were analyzed using the MTT assay.
The cytotoxic effect of BT and S-BT were evaluated by
exposing SW480, MDA MB231, and A549 to five different
concentrations (25 pg/ml, 50 pg/ml, 100 pg/ml, 200 pg/ml)
for 24 h. The result showed that the cytotoxicity increased
with increase in concentration of BT and S-BT. However,
BT and S-BT both showed a higher level of cytotoxicity to
SW480 and their ICs, was found to be 95 pg/ml and 42 pg/
ml, respectively (Fig. 8).
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Fig.6 FTIR spectra of Betanin (BT) and starch encapsulated betanin
(S-BT) by using KBr pellet technique

Morphological analysis

SW480 cells were seeded in 96-well plate at about 6x 10
cells per well for 24 h. Wells were treated with the ICs,

doses of BT and S-BT followed by incubation for 24 h. The
results showed there was a vital loss of cells and cell death
in the treated wells. Morphological changes were observed
in the BT and S-BT-treated cells. S-BT-treated cells showed
increased cell death (Fig. 9).

Detection of apoptosis by AO/EB staining

The investigation into the nuclear morphology of apop-
totic cells was conducted using Acridine Orange/Ethidium
Bromide (AO/EB) staining. Acridine Orange (AO), a vital
dye with the ability to stain both living and dead cells, and
Ethidium Bromide (EB), which stains cells with compro-
mised cell membranes, were employed in this dual staining
method. The stained nuclei revealed distinct patterns: green
signifying healthy cells, yellow indicating early apoptotic
cells and orange/red denoting late apoptotic cells. Untreated
cells exhibited uniformly green nuclei, while cells treated
with BT and S-BT displayed a comparable yellow (early
apoptotic) and orange/red (late apoptotic) staining profile
(Fig. 10). This outcome conclusively substantiates that both
BT and S-BT-induced apoptosis in SW480 colon cancer cell
lines, providing valuable insights into the apoptotic response
of these cells to the treatments.

In vitro drug release

release

cumulative

Fig. 7 In vitro release profile of betanin from starch nanoparticles at 37°C in PBS at PH 7.4 for 120 h
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Fig.8 Cytotoxicity of BT and S-BT on the proliferation of (1) SW480 colon cancer cells (2) MDA MB 231 breast cancer cells and (3) A549

lung cancer cell line at 24h incubation

Evaluation of nuclear morphology

DAPI staining was done to visualize the nuclear DNA in
both live and dead cell. It is helpful to detect number of
nuclei and to study cell morphology. In this study, untreated
cells showed normal morphology, however, the treated cells
showed nuclear condensation (Fig. 11). These characteristics

are indicative of cell apoptosis. Hence, BT and S-BT both
induced apoptosis in treated cells.

Intercellular reactive oxygen species (ROS) imaging

The maintenance of cellular homeostasis can be disrupted
by various factors such as environmental stress and disease
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(3]

Fig.9 Morphological analysis of SW480 cells. (1) untreated cells, (2) BT treated cells and (3) S-BT treated cells. The visible changes like cell
shrinkage and also loss of normal morphology can be seen in both treated groups

[1] [2] [3]

Fig. 10 Cellular staining of SW480 cell lines, (1) untreated cells, (2) BT treated and (3) S-BT treated cells using AO/EB. The arrrows indicate
cell shrinkage, nuclear fragmentation, all associated with apoptotic mode of cell death

(1] (2] (3]

Fig. 11 Nuclear staining using DAPI of human colon cancer cell SW480. (1) Control cells. No nuclear damage can be seen in the control cells,
(2) BT treatment (3) S-BT treatment. Arrows indicate nuclear condensation of the treated cells

conditions, leading to the formation of reactive oxygen  proportional to the concentration of ROS within the cells.
species (ROS). The formation of ROS is considered as  Treated cells exhibited a notably higher fluorescence inten-
an indicator of apoptosis. In this study, the assessment  sity compared to untreated cells, signifying an increased
of intracellular ROS formation was conducted and it  concentration of intracellular ROS in the treated group
was observed that the fluorescent intensity was directly  (Fig. 12). This finding unequivocally establishes that both
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(1]

3]

Fig. 12 DCFDA staining for ROS generation of human colon cancer cell line SW480. (1) Control cells, (2) BT treated cells, (3) S-BT treated

cells. The arrows indicate generation of ROS, indicative of apoptosis

BT and S-BT-induced apoptosis, as evidenced by the sub-
stantial elevation in ROS production in the treated cells
compared to their untreated counterparts. This observation
provides valuable insights into the mechanistic aspects of
apoptosis induction by BT and S-BT.

Observation of mitochondrial membrane potential
by Rhodamine 123

Mitochondrial membrane potential is a key indicator to
measure mitochondrial function. Decrease in mitochon-
drial membrane potential usually indicates apoptosis. Rho-
damine 123 dye is cell permanent dye. The fluorescence
intensity is proportional to the amount of dye that enters
the cell. Here, we can observe more fluorescence intensity
in untreated cells than treated (Fig. 13). This indicates that
there was loss of function of mitochondria in treated cells,
which led to apoptosis. Hence, BT and S-BT-induced
apoptosis in treated cells.

¥

(1]

Cell cycle analysis

FACS or fluorescence activated cell sorting counts the total
number of cells present in each phase of the cell cycle. Cells
were treated with the ICy, drug concentration and incubated
for 24 h. The cells were then fixated in 70% ethanol. FACS
was used to count both untreated and treated cells stained
with Propidium iodide. In our research, we observed the
acumulation of cells in the G2-M phase of the cell cycle
(Fig. 14). This implies that the treated cells were arrested in
the G2-M phase. Thus, both the compounds prevented the
cancer progression by stopping the cell cycle in the G2-M
phase.

Wound healing assay

In a six-well plate, cells were grown nearly to confluence
before being wound. In less than 24 h, culture cells were able
to grow, migrate and close the wound. However, addition of
the plain drug and the encapsulated drug resulted in wound
closure inhibition after 24 h, indicating that the drug and

» »”

N
»”

X

(3]

Fig. 13 Mitochondrial staining using Rhodamine 123 on (1) Control SW480 cells, (2) BT treated cells, (3) S-BT treated SW480 cell lines. The

arrows indicate loss of mitochondrial membrane potential
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Fig. 14 Cell cycle analysis by FACS. Cells were found to be arrested in G2-M phase. (1) Control cell (2) BT treated cells (3) S-BT treated cells
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Fig. 15 Wound healing assay. After the scratches (wounds) were made, time-dependent images were obtained. The wound closed within 24h in
the control group, but it remained nearly same in the treated group
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drug loaded SNPs inhibited cell migration when compared
to control (Fig. 15).

Gelatin zymography

The activity of matrix metalloproteinases (MMP’s) were
studied using gelatin zymography. In comparison to
untreated group, treated group developed a faint band indi-
cating that the levels of MMPs were decreased as shown in
Fig. 16.

Discussion

The anticancer efficacy and characterization of starch nan-
oparticles (SNPs) loaded with betanin were thoroughly
examined in this study. The mean particle size of betanin
loaded nanoparticles was found to be 175 nm (Hanahan and
Weinberg 2011). The UV spectrum analysis showed that the

MMP-2

Fig. 16 Evaluation of MMP activity in SW480 colon cancer cells. (1)
untreated SW480 cells, (2) and (3) are SW480 cells treated with IC50
dose of BT and S-BT, respectively

maximum absorbance of the encapsulated form shifted from
538 nm for free betanin to 625 nm for the encapsulated form,
suggesting that the chemical environment of the betanin may
have changed during encapsulation (Wang et al. 2019). The
successful synthesis of betanin-loaded SNPs was confirmed
by images captured by scanning electron microscopy, which
clearly showed the spherical shaped nanoparticles.

An amorphous structural characteristic of the nanopar-
ticles was revealed by the X-ray diffraction analysis, which
may help with drug release kinetics (Kothamasu et al. 2012).
The presence of carbon and oxygen was further verified by
X-ray photoelectron spectroscopy, suggesting that the beta-
nin was successfully encapsulated within the SNPs and
was pure. The FTIR spectroscopy was done to evaluate the
interaction between betanin and starch nanoparticles. The
FTIR spectrum of starch nanoparticles showed distinctive
peaks at 3400 cm™! (inter- and intramolecular hydrogen-
bonded hydroxyl groups), 2930 cm™~! and 1640 cm~! (C-H
stretching and water molecules in starch) as described in the
previous literature (Liu et al. 2017). A shift in the band peak
from 3400 to 3519 cm™' due to the formation of hydrogen
bonds confirmed the successful encapsulation of betanin in
the starch nanoparticles (Kumar et al. 2014).

The sustained release allows the delivery of a drug at a
rate that leads its delivery for a longer period of time. The
concentration of a drug can be kept at constant levels in tis-
sue or blood by allowing the drug to be released at sustained
manner (Shah et al. 2019). The extended release of a drug
from the nanoparticles can achieve higher degree of target-
ing, thereby increasing the efficacy of the drug (Kalaydina
et al. 2018). About 42.57% of the drug was released during
the 120 h controlled release observed in the in vitro release
study. This is a desirable feature for sustained drug delivery
systems.

With an encapsulation efficiency of 99.71% and a loading
capacity of 83.7%, respectively, these results demonstrate
an effective drug delivery system (Joudeh and Linke 2022).
Using the MTT assay, the cytotoxic activity of both free
betanin (BT) and encapsulated betanin (S-BT) on different
cancer cell lines (Ninfali and Angelino 2013; Stryker et al.
1987) was analysed. As seen by their respective ICs values,
the results showed a concentration-dependent increase in
cytotoxicity, with S-BT exhibiting greater cytotoxicity to
SW480 cells than BT.

These conclusions were supported by morphological
analysis using fluorescence images, which demonstrated
notable morphological changes and cell death following
treatment with ICs, doses of BT and S-BT. By showing the
presence of early and late apoptotic cells after treatment,
AO/EB staining verified that these compounds could cause
apoptosis. Further evidence of this apoptotic induction came
from DAPI staining, which showed the nuclear condensation
typical of apoptosis and elevated levels of reactive oxygen
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species in treated cells—a known inducer of apoptotic path-
ways (Mahmoudi Najafi et al. 2016).

Additionally, a reduction in the potential of the mito-
chondrial membrane as revealed by Rhodamine 123 stain-
ing indicated a loss of mitochondrial function that resulted
in apoptosis (Trucillo et al. 2018). The cell cycle analysis
revealed the arrest of cells in the G2-M phase of the cell
cycle, which revealed the role of betanin as an anticancer
agent (El-Naggar et al. 2015).

The drug’s anti-metastatic property was demonstrated
by the wound healing assay, which revealed reduced cell
migration in treated groups relative to control (Marques
et al. 2002). Finally, compared to untreated control, gelatin
zymography demonstrated lower matrix metalloproteinase
activity in the treated cells, an important factor in the extra-
cellular matrix’s breakdown during metastasis (Pandolfi
2001; Ren et al. 2017).

In conclusion, the thorough characterization and antican-
cer investigations offered in this study provide compelling
evidence for the potential of betanin and betanin encapsu-
lated starch as potent anticancer agents, able to induce apop-
tosis, cytotoxicity and inhibition of cancer cell metastases.
S-BT is an attractive candidate for cancer therapy due to its
high encapsulation efficiency and sustained release profile,
which calls for more research and development.
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